Background: Splenectomy after combined colosplenic trauma or iatrogenic splenic injury during colorectal surgery associates with worse short-and long-term outcomes, including reduced survival in patients with colorectal cancer. Splenic autotransplantation may improve the outcomes of such patients. Omental splenic transplantation is the standard procedure but may be difficult when performing laparoscopic colorectal surgery or when total or subtotal omentectomy is required. This animal model study was performed to evaluate the impact of splenic autotransplantation to the groin area on colonic wound healing. Methods: Thirty rats were divided into three groups of ten animals. One group underwent colon anastomosis and sham splenectomy, the second underwent colon anastomosis and splenectomy, and the third underwent colon anastomosis, splenectomy, and intramuscular autotransplantation of the spleen. On postoperative day 7, anastomotic healing was evaluated by measuring bursting pressure and hydroxyproline levels. The third group was subjected to scintigraphy before sacrifice to assess whether the transplant was functional. Results: The mortality rates of the sham, splenectomized, and transplanted animals were 0 %, 30 %, and 20 %, respectively: the splenectomized animals had significantly lower mean bursting pressures than the other two groups (p = 0.002). The mean hydroxyproline levels of the three groups were 467.4, 335.3, and 412.7 mg hydroxyproline/g protein, respectively (p = 0.0856). Nine of the ten transplanted animals (90 %) had splenic activity on scintigraphy. Conclusions: Splenectomy impaired the healing of the colonic anastomosis. This effect was largely reversed by splenic autotransplantation. Intramuscular autotransplantation to the groin area appears to be feasible and effective.
Background
While the overall rate of surgical infection in patients with colon injuries is 25 %, it is worsened by concomitant splenic injury [1] . For example, Blackwood et al. showed that after splenectomy alone and colon injury alone, the intraabdominal sepsis rates are 5.7 % and 8.9 %, respectively. However, this rate increases to 46.7 % when there is a combined spleen-colon injury that requires splenectomy [2] . These observations support the notion that splenic salvage should be performed in cases of spleen injuries that accompany colon injuries [2, 3] .
In elective colorectal surgery, there is an increased risk of iatrogenic splenic injury, especially during mobilization of the splenic flexura [4] . The retrospective study by Mettke et al. showed that of 46,682 patients who underwent operative treatment for colorectal cancer, 640 (1.4 %) received iatrogenic injuries of the spleen. While most of these could be repaired, splenectomy was necessary in 127 patients (0.3 % of the total population). The patients who underwent splenic repair had significantly lower morbidity and mortality rates than the patients who underwent splenectomy [5] . A retrospective analysis by Holubar et al. showed that even when multiple attempts to salvage the spleen by splenorraphy were made in cases of iatrogenic injury of the spleen after colectomy, most (70 %) still ended in splenectomy [6] .
If splenectomy is necessary, the only way to preserve immunological spleen function is autotransplantation. The most popular type of transplantation is omental seeding. It has been shown that this approach is both safe and effective [7] . However, it is not the preferred treatment of choice in emergency or elective colorectal surgery. Moreover, the removal of the omentum after certain types of colorectal procedures may limit omental seeding of the splenic tissue. In such cases, an alternative approach has not yet been forthcoming.
In the present animal model study, we examined the effect of splenectomy on colonic wound healing and assessed whether intramuscular splenic autotransplantation was feasible and improved colon anastomosis healing.
Methods
This experimental study was approved by the institutional ethics committee of Marmara University, Istanbul (document no: 47.2009.mar).
Thirty female Wistar-Albino rats weighing between 200-250 g were included in the study. After 6 h of fasting, general anesthesia was provided by intramuscular injection of 35 mg of ketamine HCl and 5 mg of xylazine HCl per kilogram of body weight. The abdominal midline was prepped with 70 % alcohol and a 5 cm standard midline incision was performed. The colon was transected 4 cm proximal of the anus with a pair of scissors.
The 30 rats were divided into three groups of ten animals. In the sham group, the spleen was mobilized, prepared for splenectomy, and then replaced into its original position in the abdomen. Thereafter, colon anastomosis was performed in a continuous fashion with 6/0 polyglactin (Vicryl, Ethicon Endo-Surgery, Cincinnati, USA). The abdomen was then filled with 10 ml of warm saline and 2 ml of air was given through a catheter into the rectum for the air-bubble test. The midline incision was closed after it was confirmed that the colon anastomosis was airtight. Closure of laparotomy was performed on two planes (the aponeurotic plane and the skin) by using continuous 3/0 polyglactin (Vicryl, Ethicon EndoSurgery, Cincinnati, USA) suture. The splenectomy group underwent splenectomy in conjunction with colon anastomosis. For the splenectomy, the splenic vein and artery were ligated by using 4/0 polyglactin (Vicryl, Ethicon Endo-Surgery, Cincinnati, USA) suture. In the transplantation group, the rats underwent splenectomy, after which the spleen tissue was sliced into 2-3 mm sized pieces ( Fig. 1) and a pouch between the two heads of the right biceps femoris muscle was created by using a clamp (Fig. 2) . The spleen slices, which comprised more than 50 % of the total splenic tissue, were placed in the pouch. After colon anastomosis, the muscle fascia and the skin incision were closed by using continuous 4/0 polyglactin (Vicryl, Ethicon Endo-Surgery, Cincinnati, USA) suture. The rats were then kept in individual cages under controlled temperature (24-26°C) and light (12 day hours followed by 12 night hours) conditions, and fed with standard rat diet.
The intent was to sacrifice the rats 7 days after surgery. Some of the animals died before this time point and underwent autopsy to determine the reason. These rats were then replaced with similarly treated rats to ensure that the three groups each consisted of ten animals that survived to postoperative day 7.
Bursting pressure measurement
After sacrifice, the colon was transected 1.5 cm proximal and 1.5 cm distal of the anastomosis. This segment was removed together with the surrounding adhesions and organs to prevent introducing damage to the colon segment that would result in loss of airtightness. One end of the colon segment was ligated while a catheter was secured to the other end. The catheter was connected to a pressure transducer and an infusion pump that insufflated the colon lumen with a constant air pressure (200 ml/h). The pressure values were recorded by a computer. The peak value that was recorded was deemed the bursting pressure (expressed in mmHg).
Hydroxyproline measurement
After the biomechanical measurement, the colon segments were separated from their adhesions and subjected to a spectrophotometric assay (DU 800, Beckman Coulter Inc., California, USA) to quantify the bowel hydroxyproline levels. The values were expressed as mg of hydroxyproline value per gram of protein.
Scintigraphic study
The transplantation group underwent Tc-99m scintigraphy on postoperative day 7 prior to sacrifice. The rats were immobilized and sedated during the procedure by 3 mg/kg intramuscular diazepam. After complete sedation was achieved, technetium-99m tin colloids (500 μCi) were injected intravenously into the tail vein. When scintigraphy showed that a rat did not have a visible autotransplanted spleen, the rat was removed from the study and not replaced.
Statistical analysis
All statistical analyses were performed by using SPSS Advanced Statistics version 20.0 (SPSS Inc, Chicago, Illinois). The three groups were compared in terms of bursting pressure and hydroxyproline measurements by using the Kruskal-Wallis test, In cases where statistical significance was found, the Mann-Whitney test was used for pairwise comparisons. P values of <0.05 were considered to indicate statistical significance.
Results
Three splenectomized and two transplanted rats died before postoperative day 7. None of the sham control rats died (Fig. 3) . Thus, the mortality rates of the sham, splenectomy, and transplantation groups were 0 %, 30 %, and 20 %, respectively. One of the splenectomized rats died on postoperative day 1 due to hemorrhage from the pedicle of the spleen. The other two splenectomized rats died on postoperative days 3 and 5 as a result of anastomotic leakage and intraabdominal abcess. The two transplanted rats died on postoperative days 2 and 6. The rat that died earlier had a hematoma at the spleen autotransplant field but a satisfactory colon anastomosis. However, the other rat had an anastomotic leak.
The mean bursting pressures of the sham, splenectomy, and transplantation groups were 136.8 ± 50.5, 78.1 ± 19.43, and 115.03 ± 31.49 mmHg, respectively (Fig. 4) . The splenectomy group had a significantly lower mean bursting pressure than the sham and transplanted groups (p = 0.005 and 0.002). The sham and transplantation groups did not differ significantly in terms of this variable (p = 0.911).
The mean anastomotic hydroxyproline levels of the sham, splenectomy, and transplantation groups were 467.4, 335.3, and 412.7 mg hydoxyproline/g protein, respectively. Although the sham and transplantation Fig. 3 Mortality and autopsy results of the sham control, splenectomized, and autotransplanted animals groups tended to have higher hydroxyproline levels than the splenectomized group, the three groups did not differ significantly in terms of this variable (p = 0.856).
Of the ten transplanted rats, nine had detectable autotransplanted spleens, as determined by scintigraphy (Fig. 5) . Thus, the scintigraphic effectiveness of the transplantation procedure was 90 %.
Discussion
This experimental study showed that compared to the sham-operated or autotransplantation groups, the splenectomy group had significantly lower bursting pressure on postoperative day 7. The splenectomy groups also tended to have lower hydroxyproline levels than the other two groups, although these differences did not achieve statistical significance. Since hydroxyproline levels are a marker of collagen synthesis, which is essential in wound healing, it appears that the splenectomy impaired the colon anastomotic healing. This impairment was largely reversed in the splenectomized animals that underwent splenic autotransplantation to the groin area.
Until World War I, almost all colon injuries were fatal. Subsequent advances in surgery in the middle of the twentieth century caused the mortality rates to drop by 70 % [8] . At present, the use of antibiotics, fluid replacement, blood transfusions, and colostomies means that only 5 % of patients with colon injuries die; moreover, the postoperative complication rate is 15-50 % [9] [10] [11] .
Colon injuries are accompanied with splenic trauma in 10-22 % of cases [3, 12] . The study of Blackwood et al. on patients with splenic injury (n = 58), colon injury (n = 90), and combined colosplenic injury (n = 13) showed that the intraabdominal sepsis rate that required reoperation was 5.7 % in the splenectomy group, 8.9 % in the colon repair group, and 46.7 % in the combined injury group [2] .
Elective colorectal surgery also poses a risk of splenic injury. The first case of such incidental splenectomy was described in 1949 by Quan and Castleman [13] . Thereafter, in 1984, Langevin et al. mentioned that colorectal operations associate with a risk of splenic injury and splenectomy [4] . Recently, a large retrospective study of 46,682 patients who underwent surgery for colorectal cancer surgery revealed that 1.4 % received splenic injury; of these, 127 cases resulted in splenectomy (0.3 % of the total population). In addition, the patients who underwent spleen repair were found to have a significantly lower mortality rate than the patients who had to undergo splenectomy (4.7 % vs. 11.8 %) [5] . Several other studies have reported similar results [14] [15] [16] [17] [18] [19] . These observations support the notion that attempts should be made to salvage the spleen after concurrent colon and Clinicians have long been seeking alternative methods to treat overwhelming post-splenectomy infection (OPSI) in splenectomized patients [20, 21] . Developments in surgical techniques and abdominal imaging have increasingly allowed the spleen to be salvaged after blunt trauma and iatrogenic injuries [22] . However, splenorraphy is usually unsuccessful in combined colosplenic injuries [6] . In cases where the splenic injury cannot be managed without splenectomy, splenic autotransplantation may be recommended. Indeed, the study by Moore et al. on splenic autotransplantation in 23 patients with combined colosplenic injuries showed that only one patient developed postoperative infectious complications. In addition, they showed that peritoneal contamination was not a contraindication to performing splenic autotransplantation [23] .
Several animal model studies have assessed the effect of splenic autotransplantation on sepsis after splenectomy. Alves et al. reported that after splenic autotransplantation in mice, there is neovascularization between the transplanted spleen and the main vessels on the third day after transplantation; the blood supply of the splenic fragments is eventually provided in a centripetal manner by the splenic, short gastric, mesenteric, and gastroepiploic arteries [24] . Patel et al. showed that, in splenectomized rabbits, autotransplantation with small slices of spleen in the peritoneal cavity improves the clearance of pneumococci from the blood [25] . Marques et al. reported that splenic autotransplantation prevents Escherichia coli sepsis in rats. Moreover, they showed that the splenic slices transplanted in the greater omentum acquire a normal splenic microscopic and macroscopic architecture, and retain bacterial phagocyte function [26] . Several other studies showed that splenic autotransplantation preserves bacterial clearance capability [27] [28] [29] . However, the autotransplanted spleen is smaller and does not have all of its original functional capacity [30] .
It is not clear whether splenic autotransplantation has the same effects in humans because it is unethical to subject splenectomized humans to the experiments needed, namely, bacterial clearance measurements or relaparatomy to assess the regenerated splenic mass [7] . However, Patel et al. found that splenic autotransplantation in their four cases associated with preservation of platelet counts, peripheral blood smear results, immunoglobulin M levels, and complement component 3 levels. Moreover, scintigraphy scans at postoperative week 8 revealed the presence of functioning splenic tissue [31] . In 2002, Zhang et al. used partial splenic autotransplantation in patients who had undergone the modified Sugiura operation. In the control group, splenectomy was performed, while in the study group, partial splenic autotransplantation into the retroperitoneal space was performed. Two months after the operation, spleen function, in terms of serum tuftsin and serum IgM levels, was stable in the autotransplantation group [32] .
At present, the most common splenic autotransplantation method is the inoculation of splenic tissue into pouches created in the omentum [33, 34] . When Iinuma et al. transplanted 25, 50, 100, 200 , and 300 mg of splenic tissue in the omental pouches, intramuscular field, or intraperitoneally, they found that the omental pouch is the most effective location for splenic autotransplantation and that at least 50 % of the splenic tissue should be transplanted [35] . However, omental splenic autotransplantation during colorectal surgery is not feasible when total or subtotal omentectomy must be performed. Moreover, although it has been shown that laparoscopic colorectal surgery associates with a lower splenic injury rate, possibly because of better visualization [19] , if a splenic injury does occur during a laparoscopic procedure, it can be technically challenging to prepare and autotransplant the spleen in the abdominal cavity. Furthermore, splenic autotransplantation into the omentum is associated with intestinal obstruction and the development of intraabdominal abscess [23, [36] [37] [38] . Thus, the intramuscular splenic autotransplantation method can sometimes be more technically advantageous compared to autotransplantation in abdominal and other Fig. 5 Scintigraphy of the autotransplanted rats just before sacrifice on postoperative day 7. The arrow shows the hot spot in the right groin area of a rat during Tc-99m-labeled scintigraphy sites. Our study showed that 90 % of the intramuscular transplanted animals exhibited functioning splenic tissue on scintigraphy, which indicates that this approach is feasible.
The present study showed for the first time that splenectomy impaired colon anastomic healing after colorectal surgery, and that intramuscular splenic transplantation improved the healing to nearly normal levels. While wound healing after colorectal surgery has been studied in various conditions, the effect of splenectomy on colon anastomotic healing has not been assessed previously. Although gastrointestinal wounds heal in a similar fashion to wounds in other tissues, there are some differences. In particular, under normal conditions, wounds in the intestinal wall develop tensional strength earlier than wounds in skin [39] . This may reflect the fact that the smooth muscle cells in the intestinal wall serve as an extra source of collagen synthesis [40] . How splenectomy impedes colon anastomosis healing is unclear. However, it may reflect the fact that splenectomy depletes T cell numbers. This in turn may reduce the ability of T cells to induce fibroblastic activity, namely, collagen synthesis and wound healing [41] . This notion is supported by the study of Barbul et al., who showed that lymphokines promote the proliferation, migration, and protein synthesis of fibroblasts in vitro [42] . Moreover, Werbin et al. showed that although fibroblast activity was normal 1 week after rats were splenectomized, there was a marked depletion in this activity 1 month post-splenectomy. They also reported that when the rats underwent splenic autotransplantation, the spleen function and wound healing normalized [43] . In addition, Ertekin et al. reported that compared to sham operation, splenectomy associates with impaired colonic wound healing and reduced hydroxyproline levels and tensile strength [44] . These observations together led Karip et al. to conclude recently that autotransplantation to the omentum should be considered during colorectal surgery as it may lower the risk of infection and provide possible long-term infectious and immunological benefits [45] .
Conclusions
Splenectomy concurrent with colectomy impaired anastomotic healing. This effect was largely reversed by splenic autotransplantation to the groin area. Since this approach was feasible in our study, we conclude that if splenectomy must be performed during open or laparoscopic colorectal surgery, inguinal splenic autotransplantation may be a useful alternative to omental splenic transplantation in emergency or elective procedures.
